A first attempt to differentiate goethite-and hematite-based natural materials, used for several purposes during the Late Palaeolithic in the Lessini Mountains (Italy), is here proposed. All raw materials were collected from known geological sites within a distance of about 20 km from archaeological excavations (Tagliente and Fumane caves) where ochre fragments were found. X-ray powder diffraction allowed the mineralogical composition of samples collected from carbonate and volcanic geological host and parent rocks to be inferred; in addition, a preliminary distinction based on the different mineral assemblages, on the presence of distinctive mineral phases and on the degree of crystallinity of some compounds such as hematite, became possible. The acquired data thus represent a sort of preliminary inventory for provenance studies on archaeological samples originating in the same region, for which ancillary micro-analytical and geochemical techniques are planned.
I. INTRODUCTION
Red and yellow earths are natural iron oxides (mostly hematite, α-Fe 2 O 3 ) and oxy-hydroxides (mostly goethite, α-FeOOH) generally associated with variable amounts of other minerals, widely used since prehistory for several purposes.
In archaeological sciences, the term "ochre" is generally accepted to designate natural iron-based materials even if they include a large variety of geomaterials displaying different mineralogical compositions, and markedly distinct textural and microstructural features (Dayet et al., 2013) . To avoid confusion, in this contribution, the more general term earths will be used, indicating natural materials containing prevalently iron oxides and/or hydroxides associated with other compounds, the mineralogical and chemical compositions of which reflect the geological processes that conditioned and determined their formations.
Owing to their extraordinary hiding power, tinting strength, excellent permanence, and good compatibility with other organic and inorganic compounds (Helwig, 2007) , and of their easy availability in many geological environments, both yellow and red natural earths were used worldwide for decoration of Palaeolithic caves (Delamare and Guineau, 2000) , and at a later stage, also during Roman (Béarat, 1996) and Medieval times (Cavallo et al., 2012) . In addition, the technology to convert yellow earths into red ones by heating is well documented as a common practice (Pomiès et al., 1998; Pomiès and Menu, 1999; Gialanella et al., 2011; Salomon et al., 2012) . Red ochre was likely employed for utilitarian applications such as skin protection and pharmacology, for tanning hides (Henshilwood et al., 2009) or for compound-adhesive manufacture (Wadley, 2010) , as drying and abrasive agents (Dayet et al., 2013) , or for symbolic and ritual purposes (Hovers et al., 2003) .
Lessini Mountains in Western Veneto, NE Italy, are well known for palaeokarst interior deposits rich in yellow earths (Zorzin et al., 1995) . Despite the large availability and the extensive exploitation for pigment production, preliminary analytical investigations were recently initiated; accordingly, in order to understand the main distinctive compositional and textural characteristics useful for provenance studies in archaeological contexts within the same region Zorzin, 2008, 2014) , spot samples in a few mines were duly collected. In particular, an extensive survey was organized in the province of Verona for the collection of geological samples , the characterization of which is the first step for provenance studies of archaeological yellow and red ochres excavated in two important Palaeolithic sites known as Grotta di Fumane (Broglio et al., 2009; Peresani et al., 2013) and Riparo Tagliente (Fontana et al., 2009) .
The identification of the area and samples collection ( Figure 1 ) was based on a detailed survey around the two archaeological sites and within a distance of about 20 km. For local and sub-local sources, the available historic and archival documentations, dating back to the late 19th c. (Nicolis, 1898) and mid-20th c. (Federici, 1948) were consulted. In addition, materials collected from the palaeokarst caves having hazardous or impossible access for prehistoric people were also included in order to have access to a wider database.
The mineralogical characterization by means of X-ray powder diffraction (XRD) is an important task as it allows us to make a preliminary distinction of yellow and red earths characteristic mineral assemblages which depend on the processes leading to their formation (source rock, mineral weathering, transport mechanism, and accumulation). Co-existing mineral phases can be specific of particular geological environments, helping in narrowing down the possible provenance area (Hradil et al., 2003) .
II. MATERIALS AND METHODS
The detailed description of all collected samples is reported in Table I . The color notation is reported according to Munsell Soil Color Charts (1975) and corresponds to the bulk color of the analysed sample (in the form of powders). Representative samples of yellow earths were collected from palaeokarst caves opening in Eocene limestones (formation known as Marne di Priabona), located close to the city of Verona; these mines are called via Tirapelle cave, locality Valdonega (VT-P samples from the main corridor, near the entrance; VTf samples from the layered deposit at the end of the principal corridor; TP samples from the principal corridor, VT-S samples from the layered sequence at the end of the branch called squalo, shark), and Colombare cave (samples labelled CO: stations A, C moving from the artificial shaft 18 m deep). Other samples were collected from caves in the Early Jurassic Calcari Grigi dolomitizzati (Dolomitized Grey Limestones), part of the Complesso Dolomitico Indifferenziato (Undifferentiated Dolomite Complex); in particular, samples were taken from the palaeokarst cave at Selva di Progno, locality San Bortolo delle Montagne (samples labelled SB are representatives of the 1.5 m thick profile of the outcrop), the palaeokarts cave in Val d'Illasi, locality Sant'Andrea (SA samples are representatives of 1.2 m thick profile), Ca' del Paver, Fumane (samples labelled CP). Samples from Oolite of San Vigilio and Rosso Ammonitico Veronese (Late Jurassic) were collected at the palaeokarst system Ponte di Veja, Sant'Anna d'Alfaedo (samples labelled as PV-A, PV-G, PV-D/E where A, G, and D/E correspond to the caves as reported in Zorzin et al., 1995) , Ca' de la Pela paleaokarts cave (Oolite di San Vigilio) located at S. Ambrogio di Valpolicella (CPE samples correspond to the homogeneous layers of the laminated sequence) and Fumane, locality Manune (MA), corresponding to the A, B, and C stations. Yellow earths are also associated with volcanic rocks (Eocene basalts) at San Giovanni Ilarione, locality Viale (SGI); Eocene volcaniclastic terrains in stratigraphic continuity with Eocene limestones at Buso del Ferro, Negrar municipality (BF samples collected from the main gallery identified as A and the upper level of the main gallery called C) host yellow materials (originally this was an artificial mining site where goethite and pyrolusite were exploited).
In general, the majority of the samples display a layered structure due to the major-minor amount of some mineral species and reflecting the variability of the weathering, transport, and depositional processes (Figure 2 ). However, in some cases (SGI, SA, MA, and CP), no layered structures were detected (Figure 3) . X-Ray powder diffraction (XRPD) was carried out on randomly oriented samples deposited in the hollow of an Si monocrystal zero-background plate, supplied by Assing spa, Monterotondo, Italy. A Bruker D8 Advance system, operating in θ:θ mode was used; generator setting 40 kV, 40 mA, Cu anode (CuKα = 1.5418 Å), Ni filter, 2θ range 5-55°, step size 0.02°, scan speed 0.5°min
. Because of the large fluorescence caused by Fe-rich materials, the setting of the Lynxeye PSD detector was adjusted to the best of its performances by lowering the acceptance window, at the expense of some intensity loss, but significantly improving the S/N ratio.
III. RESULTS
The mineral assemblages of all collected samples, listed in order of relative abundance, are reported in Table I . The majority of these samples are yellow earths, associated with carbonate rocks; on the contrary, the most extensive deposits of red earths are associated with volcanic rocks (basalts).
A. Yellow earths
The mineralogical phase imparting color to the collected yellow earths is poorly crystalline goethite (Figure 4) , for which diffraction peaks [e.g. the most intense reflections at d = 4.179 Å (110), d = 2.692 Å (130) and d = 2.406 Å (111)] are significantly broadened (three times above the welldefined quartz reflection). The different colors, varying from yellow to brown, depend on the relative amount of accompanying minerals: higher the quantity of this fraction, lighter the color. Significantly, the amount of Fe-based compounds in the sample from CP is negligible (quantity <LOD, amorphous), the yellow hue being attribute to ankerite weathering.
Not unexpectedly, samples originating from the Calcari Grigi Dolomitizzati (CP, SA, SB) exhibit the presence of ankerite, dolomite, and calcite; the same behaviour is displayed by the CPE samples collected from the Oolite di San Vigilio formation. In addition, samples SA do not contain calcite, thus allowing a further distinction. Ankerite [Ca(Fe x Mg 1−x ) (CO 3 ) 2 , 0 ≤ x ≤ 0.7] is a solid solution of the FeCO 3 -MgCO 3 system, in which Fe 2+ (partially) substitutes Mg 2+ in the dolomite crystal (Chay and Navrotsky, 1996) ; accordingly, the composition of ankerite is not unique, as it depends on the Fe 2+ /Mg 2+ molar ratio. Since the ankerite lattice parameters are known to depend on the average of Fe 2+ substitution, we estimated the composition of our samples as 0.35 < x < 0.54 (SB); 0.47 < x < 0.54 (CP); 0.13 < x < 0.30 (SA). Estimation was calculated using a calibration curve based on ankerite cell parameters reported in Chay and Navrotsky (1996) .
Yellow earths from Ponte di Veja (PV) exhibit two clear and well distinguishable patterns: poorly crystalline goethite is associated with quartz and calcite in the samples coming from the caves named A and D/E (PV-A and PV-D/E samples); differently, poorly crystalline goethite is associated with quartz only (Figure 5 ) in the samples coming from the cave G (samples PV-G).
Poorly crystalline goethite is associated with variable amounts of quartz, calcite, ankerite (x values ranging from 0.31 to 0.66), mica (muscovite), and clay minerals (almost exclusively kaolinite) in the samples coming from the Eocene limestones (samples VT, CO). These two groups are clearly representative of the palaeokarst caves opening within the Marne di Priabona and clearly distinguishable from the previous ones for the presence of micas and clay minerals.
The mineralogical association between goethite and accompanying minerals in the samples collected at Buso del Fero (BF) depends on the selected horizon, as Eocene limestones are in stratigraphic continuity with Eocene volcanic terrains. Samples BF-A2 and BF-C1 contain quartz, calcite, and goethite, whereas BF-A1 contains only calcite associated with goethite. Completely different is the paragenesis of the sample BF-A3 where goethite is associated with kaolinite and montmorillonite, indicating an advanced level of alteration of the volcanic terrains.
The yellow earths associated with Eocene basalts (SGI-A-02) indicate the presence of goethite associated with quartz, anatase, kaolinite, and montmorillonite. The presence of anatase in this sample represents a definite mineralogical marker as no other yellow earth samples contain Ti-oxide.
B. Red earths
Hematite is the leading mineral imparting color to the red earths. Extensive outcrops are found at San Giovanni Ilarione (SGI) in the locality called Viali or Viale and are associated with basalts. The homogeneous horizon displaying variable thickness from 0.2 to about 2 m was studied by ; poorly crystalline hematite is associated with poorly crystalline kaolinite and anatase with traces of detrital quartz. A new deposit is discussed here. Poorly crystalline hematite is associated with poorly crystalline clay minerals mainly represented by montmorillonite and, subordinately, by kaolinite. Anatase and traces of goethite are the remaining mineralogical phases.
Hematite was also found to be associated with the yellow earths collected at San Andrea mine (samples SA); in this case, hematite-rich earths are not present in an individual horizon as in San Giovanni Ilarione, but represent an irregular spot about 1 m wide. Except for the presence of traces of ankerite, no other minerals were detected, this fact allowing a clear distinction with the red earths from San Giovanni Ilarione. The distinction between hematite collected from the two outcrops can also be made on the basis of the degree of crystallinity as clearly visible comparing the profiles of the samples SA-A2, SA-A3, and SGI-A-01 where hematite peaks are shown (Figure 6 ).
Minor amounts of hematite, goethite, and kaolinite were found in association with ankerite, quartz, and muscovite in the samples coming from the "shark's gallery" in the via Tirapelle palaeokarst system. Finally, samples from Manune (MA) do not contain recognizable mineral phases associated with the red color probably due to the low amount (<LOD) and/or amorphous.
IV. DISCUSSION
A preliminary distinction of the analysed samples is possible based on the mineralogical association as separately reported in Tables II and III (for yellow and red earths,  respectively) . Tables II and III also contain information on the parent and host rocks of the collected raw materials.
Yellow earths occurring in Mesozoic formations exhibit characteristic and distinctive mineralogical associations. The most evident grouping separates quartz-free (SA, SB, CPE) and quartz-rich (PV) earths; at the moment it is very difficult to explain why large amount of quartz is associated with goethite in carbonate host formations. In addition, the presence of ankerite identifies both the dolomitized (Calcari Grigi Dolomitizzati) and the oolitic limestones (Oolite di San Vigilio). Petrographic analysis allowed the distinction of ankerite origin: in the former (SA and SB samples) ankerite is autochtonous whereas it is partially or not transformed into goethite whilst in the latter (CPE) it corresponds to secondary crystallization of Fe 2+ and Mg 2+ rich fluids (allochtonous). This behaviour allows the different position of the yellow earths (massive in the Calcari Grigi Dolomitizzati and layered in the Oolite di San Vigilio) to be explained.
Samples from the Eocene limestones (VT, CO), known in the geological literature as Marne di Priabona (Marls from Priabona), have a specific mineralogical association which includes quartz, calcite, ankerite, muscovite, and traces of kaolinite. This assemblage can be considered as rather distinctive, reflecting the composition of the Miocene-Oligocene terrains (sandstones, consolidated sands) which were eroded and transported into the cave. From the available observations, presently we cannot exclude the possibility that the same Eocene limestone contributed to the deposit formation.
Yellow earths which are in continuity with Eocene basalt rocks (SGI-A) exhibit the presence of kaolinite and anatase, both deriving from alteration processes affecting the mother Figure 6 . Comparison between well-crystallized (samples SA-A2, blue profile and SA-A3, red profile) and poorly-crystalline hematite (sample SGI-A-01, black profile). Remaining mineral phases are reported in Table I . rock. The presence of anatase associated with yellow earths represents an important marker both for the origin of goethite (basic and ultrabasic rocks) and for the archaeometric implications. Yellow earths from the Buso del Fero mine are associated both with the Eocene volcaniclastic terrains and the upper Eocene limestones. Mineral associations reflect the level where the raw materials were collected; in this case, the assemblage goethite, kaolinite, and montmorillonite indicate a volcanic origin, whereas goethite, calcite, and quartz (detrital?) indicate the origin from the carbonates.
Red earths from the via Tirapelle mine (VTs) are clearly distinguishable from those coming from Sant'Andrea (SA) and San Giovanni Ilarione (SGI-A). In the first case, the amount of hematite is rather limited (traces) and α-Fe 2 O 3 occurs in mixture with goethite, imparting an orange hue to the final color; at variance, well-crystallized hematite, sometimes associated with ankerite, is characteristic for the second group of samples. Finally, poorly crystalline hematite is associated with kaolinite, montmorillonite, and anatase in the samples coming from San Giovanni Ilarione (SGI-A).
Typically, in terms of structure, the red earths analysed in this research are massive, with the notable exception of those originating from the "shark" gallery in via Tirapelle (VTs), where the stratification of the deposit is evident.
Significantly, the aforementioned considerations allow us to infer that the presence of accompanying minerals is the consequence of the geological environment and alteration processes of the mother rock and cannot be interpreted as voluntary addition during Palaeolithic pigment preparation (Gialanella et al., 2011) . All together, the mineral assemblages, the degree of crystallinity of some mineralogical phases (hematite and clay minerals), the presence of diagnostic minerals (anatase), allow the classification of the collected materials in groups and subgroups to be performed, and represent an important record for on-going researches on the provenance of Late Palaeolithic archaeological ochre (see also Hradil et al., 2003) . In addition, new light was shed on the composition of yellow and red earths in the Eastern sector of North Italy as no gypsum was found in the studied materials as indicated by Elias et al. (2006) . This is most probably due to the fact that the materials analysed by Elias et al. come from a paint factory and would indicate a post-treatment of the raw materials.
V. CONCLUSIONS
The application of conventional XRPD confirmed to be a valid method for a preliminary discrimination of Fe-based natural materials as typical mineral assemblages allow the potential sources for Prehistory procurement in group and sub-groups to be classified. This is synthetically reported in Tables II and III . In addition, the goethite-hematite accompanying minerals address the geological provenance: for example, strong evidence is given for the red and yellow earths associated with basalts, where anatase and clay minerals (kaolinite and montmorillonite), as principal and/or subordinate compounds, can be considered marker-minerals in the studied area or the mineralogical association of Eocene and Mesozoic carbonate formations which is very distinctive. The degree of crystallinity of hematite is a further evidence of provenance (i.e. samples from Mesozoic carbonates and Eocene volcanic rocks). These features have great implications for provenance studies allowing the provenance area to be narrowed down. Work can be anticipated towards the complete mineralogical analysis of archaeological ochre and to establish possible correlations by further comparison with the studied raw materials. Finally, the results here obtained on the samples selected as possible material sources during the Late Palaeolithic in the Lessini Mountains (NE Italy) will be soon integrated with XRD of ochre samples also with quantitative determination of mineral phases for selected groups of geological and archaeological samples. Finally, geochemical analysis of major and trace elements on both pristine geological and archaeological samples will be developed.
